Introduction
The ras family genes are the oncogenes that have been detected most frequently both in human and in animal tumors (Barbacid, 1987; Guerrero and Pellicer, 1987; Balmain and Brown, 1988) . There are three members among ras family genes in mammals. H-ras and K-ras were ®rstly identi®ed as the transforming genes of the Harvey and Kirsten rat sarcoma viruses, respectively (Harvey, 1964; Kirsten and Mayer, 1967) , and N-ras was initially isolated from a human neuroblastoma (Shimizu et al., 1983) . These ras genes encode the 21 kDa proteins and these proteins are members of the superfamily of small GTP-binding proteins. Mutations of the ras genes frequently found in mammalian tumors produce the oncogenic Ras proteins which are constitutively in the active GTP-bound conformation and give uncontrolled output signals (Barbacid, 1987; Lowy and Willumsen, 1993; Balmain and Brown, 1988; Sekiya et al., 1984) . Three ras genes are thought to be functionally redundant by our genetic analysis, but tumorigenic mutations of each gene are related to the speci®c tissue types (Barbacid, 1987; Balmain and Brown, 1988 ).
The mouse model system for the skin tumorigenesis (Boutwell, 1974; Hecker et al., 1982) has been invaluable in formulating the principles of initiation, promotion, and progression of tumors (Yuspa and Poirier, 1988; Yuspa, 1994) . Molecular analyses of the stages of chemical carcinogenesis in the skin have indicated that the H-ras gene is a major target for a mutational event that takes place at the time of initiation (Balmain and Brown, 1988) . Mutant H-ras alleles are found in a high proportion of premalignant tumors, indicating that the H-ras mutation is an early event (Balmain et al., 1984) . Furthermore, the speci®c mutations observed depend on the nature of the carcinogen as an initiator (Zarbl et al., 1985; Quintanilla et al., 1986; Bizub et al., 1986; Brown et al., 1990) , suggesting a direct interaction between the carcinogen and the H-ras gene.
Availability of several mutant mice generated by gene targeting has enabled us to investigate the functional role of the oncogene, tumor suppressor gene, or cancer modi®er in the initiation, the promotion and the progression of carcinogenesis in vivo, using a mouse skin tumorigenesis as a model system. Analysis of p53 tumor suppressor de®cient mice treated with DMBA and TPA showed that absence of p53 does not augment the frequency of initiation or the rate of promotion but enhances malignant progression (Kemp et al., 1993) . Upon treatment with TPA, c-fos mutant mice carrying a v-H-ras transgene were able to develop benign skin tumors, but c-fos de®cient tumors failed to undergo malignant conversion, suggesting that c-fos is required for malignant progression of skin tumors (Saez et al., 1995) . TNF-a mutant mice were resistant to development of benign and malignant skin tumors induced by DMBA and TPA, suggesting a proin¯amatory cytokine, TNF-a is important to the early stages of tumor promotion (Moore et al., 1999) . Thus, genetic approach is valuable in elucidating the role of the speci®c genes in the speci®c stages during tumorigenesis.
We generated H-ras null mutant mice by gene targeting to examine the function of H-ras in carcinogenesis and development. To test directly whether H-Ras levels can in¯uence skin tumor in an intact animal model, we have examined the incidence of epidermal papillomas formed in H-ras null mutant mice after a carcinogenesis protocol with DMBA and TPA. We also determined ras mutations in the tumor DNAs by sequencing to examine if activation of H-ras predominantly found in wild-type mice could be replaced by the activated mutation of K-ras or N-ras genes in the H-ras de®cient tumors. We demonstrated that H-ras mutant mice display a decreased predisposition to tumor formation after the treatment. Interestingly, more than half of tumors formed in Hras null mutant mice carried mutations in K-ras gene. These results are consistent with the idea that the H-ras gene is the initiator gene in skin carcinogenesis, although activation of H-ras genes can be replaced by K-ras gene mutations.
Results

Generation of the H-ras mutant mice
We generated a null H-ras allele by deletion of the exon f to 5' part of exon IV, which contain initiation codon and the ®rst 160 amino acid residues of H-Ras protein (Figure 1 ). The genetic background of the mice used in these studies was a mixture of 129/Sv, C57BL/6 and DBA/2 strains. To con®rm that the allele has a null mutation, we carried out Western blot analysis with anti-H-Ras antibody. No H-Ras protein was found in the lysate from the H-ras homozygous mutant [H-ras (7/7)] skin ( Figure 2 ). On the other hand, amounts of K-Ras and N-Ras protein were signi®-cantly increased in H-ras(7/7) skin, although the total amount of Ras proteins detected by anti-pan-Ras antibody was not signi®cantly dierent between wildtype and H-ras(7/7) mice (Figure 2 ). H-ras(7/7) mice grew normally and were fertile. The oldest Hras(7/7) mice grew to be more than 30 months old and appeared indistinguishable from their wild-type littermates. They do not exhibit any predisposition to spontaneous tumor formation.
Skin tumorigenesis
To induce the skin tumors in mice, we used DMBA/ TPA tumor induction protocol. Since H-ras gene is expected to play as an initiator gene through the point mutation in the speci®c codon, a decrease in gene dosage, as in the H-ras(+/7) and H-ras(7/7) mice, might lead to a decrease in the incidence of chemically induced papillomas. Groups of wild-type, H-ras(+/7) Figure 1 Production of H-ras null mutant mice. (a) A targeting construct of the H-ras. Schematic drawings of a region of the Hras gene that contains exon f to exon IV are shown. The targeting vector of the H-ras gene has a neomycin resistance (neo) gene to disrupt the exon f to 5' part of exon IV, which contain initiation codon and the ®rst 160 amino acid residues of H-Ras protein. The H-ras probes used for screening of ES cell clones as well as mice are indicated as bars, together with the expected sizes of hybridizing restriction fragments from wild-type and mutant alleles, respectively. Abbreviation for the restriction enzyme sites: EI, EcoRI; EV, EcoRV; Xb, XbaI; Xh, XhoI; Sp, SpeI. (b) PCR analyses of representative tail biopsies. Genomic DNA was isolated from mice derived from intercrosses of H-ras(+/7) mice. Abbreviations: +/+, wild-type; +/7, H-ras(+/7); 7/7, H-ras(7/7) tail DNA Figure 2 Expression of Ras proteins in the wild-type and Hras(7/7) skin. 10 mg (H-Ras and pan-Ras) or 40 mg (K-Ras and N-Ras) of lysates from the wild-type and H-ras(7/7) skin were analysed by Western blotting with anti-H-Ras, anti-N-Ras, anti-K-Ras and anti-pan Ras antibodies. Abbreviations: +/ +, wildtype; 7/7, H-ras(7/7) skin extract mouse and H-ras(7/7) mouse were treated with DMBA and then with the tumor promoter TPA twice weekly for 20 weeks. The animals treated with DMBA and TPA were monitored twice a week for the appearance of papillomas. The time to appearance of the ®rst tumor was indistinguishable among three genotypes, following 5 ± 6 weeks of promotion. No obvious dierences in tumor size could be observed among mice of dierent genotypes. However, at all the time points, H-ras(7/7) mice had fewer papillomas than wild-type mice did (Figure 3) . The numbers of papillomas per mouse were decreased according to the loss of H-ras wild-type allele. At the end of 20 weeks of promotion, average papilloma yield was approximately sixfold less in H-ras(7/7) mice compared with wildtype control mice, although H-ras(+/7) mice demonstrated an intermediate response: wild-type mice (16.7 tumors per mouse), H-ras(+/7) mice (6.8 tumors per mouse) and H-ras(7/7) mice (2.6 tumors per mouse) (Figure 3 ). Histological analyses showed that types of papillomas were indistinguishable among three genotypes ( Figure 4) .
Two conclusions can be drawn from these data regarding the role of H-ras genes in the early stages of mouse skin carcinogenesis. Firstly, the absence of Hras greatly reduces the number of tumors, suggesting that H-ras gene is important for tumor formation presumably as an initiator gene. Secondly, H-ras gene is not essential for tumor formation, since H-ras(7/7) mice could develop tumors.
By the end of the study (week 30), malignant progression had been observed in two of 10 (20%) surviving wild-type mice, in two of 12 (17%) H-ras(+/ 7) mice, and in one of 11 (9%) H-ras(7/7) mice. Thus, H-ras gene is not essential for malignant conversion.
ras mutations in the tumor DNA We evaluated the tumors for the presence of activating mutations at codons 12, 13 or 61 of the H-ras, N-ras and K-ras genes by PCR ampli®cation and direct sequencing of PCR products (Table 1) . We found all tumors in wild-type mice examined have missense mutations at codon 61 of H-ras genes in accordance with previous results using DMBA on wild-type mice (Quintanilla et al., 1986; Bizub et al., 1986) . Seventeen of 18 tumors contain A?T transversion and one tumor contains A?G transition in the middle base of codon 61. On the other hand, two papillomas out of 23 and one carcinoma in the Hras(+/7) mice carry the missense mutations at codon 13 or 61 of K-ras genes. This is the ®rst demonstration that chemically induced skin papillomas and carcinoma with activated mutation in the K-ras gene. Furthermore, 14 out of 22 tumors in the H-ras(7/7) mice have mutations at codons 12, 13 or 61 of K-ras genes. While activated H-ras mutations in the wildtype tumor are predominantly A?T transversion, 10 of 14 tumors with K-ras mutation contain G?C transversion in the ®rst or second base of codon 12 or 13. For the other eight papillomas, we could not ®nd any mutations at codon 12, 13 or 61 of K-ras or Nras genes. We determined the sequence for whole coding region of K-ras genes, but no mutations were detected in the DNA from these tumors at all. Histological analyses showed that no obvious dierences among the tumors with activation of H-ras, Kras and no mutation (Figure 4) , suggesting that activation of K-ras or other genes could replace the function of activated H-ras gene as the initiator gene in skin tumorigenesis.
Discussion
In this study, we showed that the absence of H-ras greatly reduces the number of papillomas, but Hras(7/7) mice did develop tumors with activated Kras mutations in skin carcinogenesis induced with DMBA and TPA. These results clearly showed that activation of H-ras gene is strongly responsible for initiation of tumor cells in the wild-type mice, but Hras gene activation is not an absolute prerequisite for DMBA/TPA induced tumorigenesis.
We ®rst demonstrated that skin papillomas and carcinomas could be developed with activated K-ras mutation instead of H-ras mutation in H-ras de®cient mice. Genetic analysis could reveal the tumorinducing properties of the speci®c genes among the oncogene families by knocking out the predominant cause of the oncogenes which belong to the same gene family. The appearance of K-ras mutations in H-ras de®cient tumors could raise two possibilities since ras genes can acquire transforming properties by qualitative and quantitative mechanisms. While missense mutations within certain domains yield highly ecient transforming ras genes, the increased expression of ras oncogenes was observed in the tumors. Therefore, one possibility is that mutation rate in the K-ras genes are not dierent between wild-type and H-ras(7/7) cells, but total activity of mutated K-Ras in terms of the proliferation is increased compared with those in the wild-type mice, since expression level of K-Ras was increased in the H-ras(7/7) skin. In the wild-type cells, even though K-ras could be activated by mutation, the activity of mutant K-Ras proteins could not reach the threshold Figure 3 Rate of appearance of papillomas. The average number of papillomas per mouse is plotted versus the number of weeks of promotion. Mice were treated with twice weekly application of TPA for 20 weeks and caged individually to prevent wound-induced tumors. Animals were examined twice weekly for tumor formation. *, wild-type(+/+); D, H-ras(+/7); *, H-ras(7/7) mice for cell proliferation. Another possibility is that the mutation rate of K-ras gene was increased in Hras(7/7) cells. A mutation rate or a site preference of the genes could be changed in the H-ras(7/7) cell with unknown reason. The indicated sequences correspond to the codons. Bold letters are nucleotides involved in the mutation. No mutations were detected in codon 12, 13 or 61 of K-ras or N-ras genes Skin tumorigenesis in H-ras deficient mice K Ise et al However, we found that the majority of DMBAinduced tumors in H-ras(7/7) mouse skin had G?C transversion in the K-ras codon 12 or 13, which have not been reported previously in the skin tumors induced by DMBA. Mutations at guanine residues by DMBA are not unprecedented, since ras mutations detected in primary bladder epithelial cells treated with DMBA in vitro were invariably G?A transitions in Kras codon 12 (Brookes et al., 1988) and the majority of DMBA-induced liver tumors had a G?C transversion in K-ras codon 13 (Manam et al., 1992) . These results show that DMBA causes guanosine adducts as well as adenosine adducts. We found two carcinomas with activated K-ras mutations, which have not been reported previously. Brown et al. (1990) showed that dierent spectra of activated H-ras mutations were induced by dierent carcinogens and these initiating events can aect the probability of progression to malignancy. For example, 3-methylcholanthrene (MCA) initiation produced both codon 13, G?T, and codon 61, A?T transversion, of H-ras in papillomas; only the G?T mutation, however, was found in carcinomas, suggesting that tumors with codon 13, G?T, have higher probability of progressing into carcinomas than those with codon 61, A?T. Identi®cation of H-ras-de®cient tumors containing a single mutation at codon 12, 13 or 61, as described in this report, should permit more detailed analyses of the critical changes in ras family genes that lead to malignancy.
Materials and methods
Generation of ras mutant mice
H-ras genomic clones were isolated from a 129/Sv mouse genomic library (Stratagene) using v-Ha-ras as a probe. The targeting vector was constructed using the following DNA fragments: a 2.7 kb XbaI ± XhoI fragment located 5' of exon f, a 5.8 kb SpeI ± XbaI fragment located 3' region of exon IV, a 1.1 kb fragment containing a neo gene derived from pMC1neo Poly A (Stratagene), a 1.0 kb fragment containing DT-A gene for negative selection (a gift of Dr S Aizawa; Yagi et al., 1990) and the plasmid pBluescript (Stratagene). CCE ES cells (a gift of Dr E Robertson; Kuehn et al., 1987) , obtained from an inbred mouse line (129/SvJ), were cultured essentially as described previously (Koera et al., 1997) . Fifty mg of the linearized targeting vector DNA was transfected into 4.7610 7 ES cells by electroporation at 270 V/1.8 mm and 500 mF capacitance (ECM600; BTX Inc.). Forty-eight hours after electroporation, G418 (250 mg/ml; Gibco ± BRL) was added to the medium. DNA from G418 resistant ES clones was digested, and hybridized with a 5'-probe and 3'-probe as illustrated in Figure 1 . A targeted clone was injected into C57BL/6J blastocysts and chimaeric mice were thus generated (Bradley, 1987) . Chimaeric males were mated with (C57BL/66DBA/2)F1 females, and the tail DNA of the agouti ospring was analysed to con®rm the germline transmission of the targeted allele by Southern blotting. Heterozygous mutant mice were interbred to generate homozygous mutant mice lacking the H-Ras protein.
PCR for genotyping
The allele speci®c primers are H1; 5'-GCTCCCTATTTGTG-TTGGTTTTGC-3', H2; 5'-CCGCAATTTATGCTGCCGA-ATCTC-3' and neo; 5'-TCCTGCCGAGAAAGTATCCA-3'.
The wild-type band is generated with the primers; H1 and H2, and the targeted band is generated with the primers; H2 and neo. Ampli®cation conditions included premelting at 948C for 2 min, 30 cycles of melting at 948C for 1 min, annealing at 608C for 1 min, and extension at 728C for 1 min and a ®nal extension at 728C for 7 min in the last cycle.
Western blotting
The skin of 6 week-old male mice was homogenized in RIPA buer (20 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 1% Sodium deoxycholate, 1% Triton X-100, 2 mM EDTA, 50 mM sodium¯uoride, 1 mM sodium orthovanadate, 20 mg/ml aprotinin, 20 mg/ml leupeptin). Proteins were separated by 12% SDS-polyacrylamide gel electrophoresis and then transferred to an Immobilon membrane (Millipore) and immunoblots were probed with monoclonal anti-pan Ras (Calbiochem), polyclonal anti-H-Ras (Santa Cruz), monoclonal anti-N-Ras (Santa Cruz) and monoclonal anti-K-Ras (Santa Cruz), antibodies and were visualized by enhanced chemiluminescence (ECL, Amersham).
Production of skin tumor
At 8 weeks of age, male mice were shaved, and their dorsal epidermis was treated with a single dose of 25 mg of DMBA dissolved in 100 ml of acetone followed by twice weekly application of TPA (0.2 mM dissolved in 100 ml of acetone) for 20 weeks. Mice were caged individually to prevent wound-induced tumors. There were 10 wild-type, 12 Hras(+/7) and 11 H-ras(7/7) mice at the outset of the experiments. The number and size of papillomas on each mouse were recorded twice weekly.
Tissue samples
Papillomas and carcinomas in the skin and tumor tissue were taken for routine histological examination and for ras gene mutation analysis (frozen in liquid nitrogen and stored at 7708C). Hematoxylin and eosin-stained paran sections were used for morphological evaluation of material. Histological classi®cation of skin lesions is as follows. Papilloma is a cauli¯ower-like structure with a base consisting of a series of folds united to the underlying skin by one or a few common stalks. Each of these folds consists of a central connective tissue core covered by strati®ed squamous epithelium. Squamous cell carcinoma is an endophytic growth of atypical epithelial cells which invades the dermis and subcutaneous tissue. Carcinoma is distinguished from papilloma by its nuclear atypia, pleomorphism and nuclear hyperchromasia.
Sequencing analysis of ras gene mutation
Genomic DNA isolated from papillomas and carcinomas were used as a template for polymerase chain reaction (PCR). Exon sequences (exon I) containing codons 12 and 13, and exon sequences (exon II) containing codon 61 of H-ras, N-ras and K-ras gene were ampli®ed and nucleotide sequences of both strands of these fragment DNA were determined by dye terminator cycle sequencing (Applied Biosystem). The primers for amplifying the exon sequences are as follows: H-ras exonI: 5'-GGCCTTGGCTAAGTGTGCTTCTCAT-3', 5'-TGGTCATTTACCCATGACCACTGCC-3'; H-ras exon II: 5'-CCCCACTAAGCCGTGTTGTTTTGC-3', 5'-TCAG-TGTGCACACGGAACCTTCCT-3'; N-ras exon I: 5'-TAT-TGTAGGTTTGGTTTGCC-3', 5'-CTCTATGGTGGGATC-ATATT-3'; N-ras exon II: 5'-TCCTCACTCTTTCATAT-TCC-3', 5'-AATATCCCCAGTACCTGTAG-3'; K-ras exon I: 5'-GAGTCTTACACACAAAGGTG-3', 5'-GCAGCGTT-ACCTCTATCGTA-3', K-ras exon II: 5'-CCAGACTGT-GTTTCTCCCTT-3', 5'-CCCACCTATAATGGTGAATA-3'.
